؉ T-cell persistence can be seen in ganglia harboring latent herpes simplex virus (HSV) infection. While there is some evidence that these cells suppress virus reactivation, this view remains controversial. Given that maintenance of latency by CD8 ؉ T cells would necessitate ongoing exposure to antigen within this site, we sought evidence for such chronic stimulation. Initial experiments showed infiltration by activated but not naïve CD8 ؉ T cells into ganglia harboring latent HSV infection. While such infiltration was independent of T-cell specificity, once recruited, only virus-specific T cells expressed high levels of preformed granzyme B, a marker of ongoing activation. Moreover, bone marrow replacement chimeras showed that these elevated granzyme levels were totally dependent on presentation by parenchymal cells within the ganglia. Overall, this study argues that activated CD8 ؉ T cells are nonspecifically recruited into latently infected ganglia, and in this site they are exposed to ongoing antigen stimulation, most likely by infected neuronal cells.
Herpes simplex virus type 1 (HSV-1) latency was originally thought to be a "silent" infection during which all virus gene expression was shut down, with the exception of the latencyassociated transcripts (LATs). It was thought that this silence led to a state that was largely invisible to the immune system. Evidence supporting LAT expression in the absence of lytic gene and protein expression was originally provided by both human (5, 14, 21) and animal studies (15, 51, 52) of latently infected ganglia. However, with the evolution of more sensitive detection methods, the transcription of several lytic genes has now been demonstrated in latently infected ganglia (22, 32) , with evidence from murine studies suggesting some level of lytic protein expression in a small proportion of latently infected neurons (18) .
Together with the demonstration of lytic gene expression during latency comes evidence of a persisting immune response within latently infected ganglia. Studies in humans, mice, and rabbits have shown the persistence of inflammatory cells and cytokines long after the clearance of infectious virus (12, 23, 35, 48, 54) , although some have reported the eventual clearance of the immune infiltrate with time (10, 19) . The presence of cytokines such as gamma interferon and the finding that persisting lymphocytes localize to neurons within the ganglia (29) has resulted in the proposal that continual or intermittent HSV-1 antigen expression is occurring during latency (10) .
While the presence of activated CD8 ϩ T cells within latently infected ganglia has been used to argue that these cells are involved in maintaining viral latency (29, 30) , the mechanisms through which they remain activated has not been fully elucidated. Furthermore, little is known as to what influence antigen expression within latently infected ganglia may have on the persisting CD8 ϩ T-cell population. We utilized the flank scarification model to study the infiltration and persistence of CD8 ϩ T cells in the ganglia during HSV-1 infection, focusing on the importance of T-cell specificity and the role the neuronal parenchyma play in maintaining T-cell activation during latency. These experiments demonstrate that while both specific and nonspecific CD8 ϩ T cells infiltrate and persist within HSV-infected sensory ganglia, only the former will maintain an activated phenotype consistent with their ongoing stimulation by the infected neuronal cells themselves. [257] [258] [259] [260] [261] [262] [263] [264] (SIINFEKL) and the HSV-1 glycoprotein B (gB) epitope gB [498] [499] [500] [501] [502] [503] [504] [505] (SSIEFARL), respectively (27, 42) . The gBT-I ϫ B6.Ly5.1 and OT-I ϫ B6.Ly5.1 mice are F 1 generations of each respective cross; these mice have both the Ly5.1(CD45.1) and Ly5.2(CD45.2) alleles. B6-H-2 bm3 mice are unable to present the HSV-1-derived gB 498-505 epitope to gBT-I T-cells due to a mutation in the K b molecule (43) and have the Ly5.2 allele. The KOS strain of HSV-1 (provided by S. Person, Johns Hopkins University) was grown and titrated by plaque assay on Vero cells (CSL, Parkville, Australia) in MEM10 (minimal essential medium with 10% heat-inactivated fetal calf serum [FCS], 23.83 g/liter HEPES, 4 mM L-glutamine, 50 M 2-mercaptoethanol [ME], and antibiotics). Stocks were stored at Ϫ70°C until required.
MATERIALS AND METHODS

Mice and viruses. C57BL/6, B6.SJL-Ptprc
Generation of chimeras. C57BL/6, B6.Ly5.1, and B6-H-2 bm3 mice were irradiated with two doses of 550 cGray. The mice were immediately reconstituted via intravenous (i.v.) injection of 5 ϫ 10 6 bone marrow cells obtained from the tibias and femurs of either B6.Ly5.1 or B6-H-2 bm3 mice in a total volume of 150 l
Hanks balanced salt solution (HBSS). Mice were kept in microisolator cages with sterile sawdust and food and were given water containing neomycin sulfate (25 mg/liter) and polymyxin B sulfate (76,900 U/liter). They were allowed to reconstitute for 8 weeks before use. HSV-1 infections. Mice were infected on the flank with 10 6 PFU of HSV-1 using the flank scarification method described previously (2, 58) . In brief, mice were anesthetized with a mixture of ketamine (100 mg/kg of body weight) (Parnell Laboratories, Alexandria, Australia)-Ilium Xylazil-20 (20 mg/kg body weight) (Troy Laboratories, Smithfield, Australia) in saline. Hair was removed from the left flank of the animals, and a small area of skin, reproducibly located by means of visualizing the dorsal tip of the spleen under the intact skin, was abraded using a MultiPro power tool (Dremel, Racine, WI) with a grindstone attachment (3.2 mm) held on the skin for 15 s. A 10-l aliquot of virus (10 6 PFU) was placed on the abraded skin and rubbed in with a cotton-tipped applicator soaked in phosphate-buffered saline. The inoculation site was covered with a piece of OpSite Flexigrid (Smith & Nephew, Hull, United Kingdom), and the mice were then bandaged with Micropore tape and then Transpore tape (3M Health Care, St. Paul, MN). The tape and Flexigrid were removed 48 h following infection.
Adoptive transfer of naïve CD8 ؉ T cells. Lymph node cells were obtained from naïve gBT-I, gBT-I ϫ B6.Ly5.1, OT-I, or OT-I ϫ B6.Ly5.1 mice. Approximately 5 ϫ 10 4 CD8 ϩ T cells, as determined by flow cytometry, were transferred into recipient mice via i.v. injection in a total volume of 200 l HBSS at the times indicated.
Adoptive transfer of activated CD8 ؉ T cells. A total of 5 ϫ 10 7 transgenic splenocytes (from gBT-I ϫ B6.Ly5.1 and OT-I ϫ B6.Ly5.1 mice) were cultured for 4 days with 5 ϫ 10 7 C57BL/6 splenocytes pulsed with 0.1 g of the relevant peptide, either gB 498-505 or OVA 257-264 , in 40 ml of RPMI 1640 supplemented with 10% FCS, 5 mM HEPES, 2 mM glutamine, 5 ϫ 10 Ϫ5 M 2-ME, antibiotics, and 6 g lipopolysaccharide (Escherichia coli 0111:B4; Sigma). Cultures were diluted 1:2 on day 2 and again on day 3 with fresh medium containing 10 U/ml interleukin-2. On day 4, cells were collected, and 10 7 CD8 ϩ T cells were transferred into recipient mice via i.v. injection in a total volume of 200 l HBSS.
Identifying CD8 ؉ T cells in the dorsal root ganglia (DRGs). Mice were sacrificed and perfused with phosphate-buffered saline, and the ganglia innervating the site of cutaneous inoculation were removed with the aid of a dissecting microscope. The DRGs collected from a single mouse were pooled in 0.5 ml of collagenase type 3 (Worthington) at 3 mg/ml in RPMI 1640 supplemented with 5% FCS. Samples were incubated at 37°C for 1.5 h and dispersed into single-cell suspensions with trituration at both 1 and 1.5 h. Anti-CD8␣-allophycyanin (APC) (53-6.7), anti-CD45.1-phycoerythrin (PE) (A20), and anti-CD45.2-fluorescein isothiocyanate (FITC) (104) were obtained from BD Pharmingen (San Diego, CA). gBT-I ϫ B6.Ly5.1 and OT-I ϫ B6.Ly5.1 CD8 ϩ T cells were generally identified by staining with anti-CD8-APC and anti-CD45.1-PE (in chimera experiments these cells were identified by staining with anti-CD8-APC, anti-CD45.1-PE, and anti-CD45.2-FITC). Staining was performed on ice in the dark for 30 min. To identify OT-I CD8 ϩ T cells, samples were first stained on ice with anti-CD8 and then at 37°C with OVA-specific tetramer, prepared as previously described (3) and provided by Martha Kotsifas (University of Melbourne). Prior to analysis, all samples received 5 l EDTA (0.5 M) and 10 l propidium iodine (50 g/ml) to prevent clumping and enable exclusion of dead cells, respectively. A known quantity of blank calibration beads was also added to each sample in a total volume of 20 l to enable the number of cells to be determined. Cells were analyzed on a FACScalibur using Cell ProQuest software (BD Biosciences, San Jose, CA).
CD69 and intracellular granzyme B staining. To determine CD69 expression, DRG samples were prepared as described above. Anti-CD8-APC (53-6.7), anti-CD69-PE (H1-2F3), anti-CD45.1-biotin (A20), and streptavidin-FITC were obtained from BD Pharmingen (San Diego, CA). Cells were stained on ice for 30 min first with anti-CD8-APC, anti-CD45.1-biotin, and anti-CD69-PE and then with streptavidin-FITC. Propidium iodine (10 l at 50 g/ml) for dead cell exclusion and the same number of blank calibration beads (approximately 2,000 beads) for cell number determination were added to all samples prior to analysis. Cells were analyzed on a FACScalibur using Cell ProQuest software (BD Biosciences, San Jose, CA). To determine the levels of preformed granzyme B, DRG samples were again prepared as described above. Blood was obtained from the tail vein of mice that had been warmed for 5 min on a light box and collected directly into microcentrifuge tubes containing 20 l heparin. Red blood cells were lysed by diluting samples in 7.5 ml water followed by the immediate addition of 2.5 ml 4ϫ saline. Anti-CD8-peridinin chlorophyll-a protein (PerCP) (53-6.7) was obtained from BD Pharmingen (San Diego, CA), and anti-human granzyme B-APC was obtained from Caltag (Burlingame, CA). Cells were stained with anti-CD8-PerCP, anti-CD45.1-PE, and anti-CD45.2-FITC on ice for 30 min. Cells were then fixed in 1% formaldehyde (Ajax, Queensland, Australia) for 20 min at room temperature and then stained with anti-human granzyme B-APC in the presence of 0.2% saponin (Sigma) for 1 h at 4°C. Blank calibration beads were added to each DRG sample to enable the number of cells to be determined. Cells were analyzed on a FACScalibur using Cell ProQuest software (BD Biosciences, San Jose, CA).
RESULTS
HSV-specific CD8
؉ T cells persist in the ganglia of C57BL/6 mice during latency following HSV-1 flank scarification infection. CD8 ϩ T cells have been shown to persist in latently infected sensory ganglia in both animals and humans (29, 35, 54) . Using a flank scarification model of infection, we had found that lytic virus is detected in those dorsal root ganglia (DRGs) innervating the site of cutaneous inoculation from days 2 to 7 postinfection (p.i.) (58) . Virus replication was accompanied by a steady influx of T cells specific for a determinant from the glycoprotein B (gB [498] [499] [500] [501] [502] [503] [504] [505] ) found to be immunodominant in the C57BL/6 strain of mouse (9, 24, 59) . Further experiments established that a latent infection persists within these DRGs capable of reactivation following ex vivo culture (data not shown). To determine whether the HSV-specific CD8 ϩ T cells were being retained following clearance of infectious virus, C57BL/6 mice received naïve gBT-I CD8 ϩ T cells prior to infection. These HSV-specific transgenic T cells are easily identified by their expression of the congenic marker Ly5.1 and allowed tracking of anti-viral CD8 ϩ T cells. Mice were infected on the flank with HSV-1, and the ganglia innervating the site of cutaneous infection were analyzed via flow cytometry for the presence of gB-specific CD8
ϩ T cells at various time points postinfection (Fig. 1) .
As shown, low numbers of gB-specific CD8 ϩ T cells were first detected in the DRGs on day 5 postinfection, indicating that ganglionic infiltration by the CD8 ϩ T cells occurred during the lytic phase of infection, consistent with previous studies (35, 48, 58) . The number of T cells within the DRGs reached a peak between days 8 and 12 postinfection just after elimination of infectious virus from this site, which occurs around days 7 to 8 ( Fig. 1 and reference 58 ). This is effectively the start of the latent phase of infection. While there was considerable loss of infiltrating T cells from peak levels, a relatively stable number of gB-specific T cells could still be detected within the DRGs between 20 to 50 days postinfection, indicating that virus-specific T cells were retained during latency following flank scarification infection.
The antigen specificity and activation requirements for CD8 ؉ T-cell infiltration within the peripheral nervous system. To determine the relative importance of antigen specificity to this T-cell infiltration, we used CD8 ϩ T cells from OT-I mice which are specific for the OVA 257-264 epitope from ovalbumin (OVA) and do not recognize the gB epitope from HSV-1 (56) . We investigated the ability of both resting and activated OT-I CD8 ϩ T cells to infiltrate the ganglia during acute infection and then be retained during latency. Initially, naive OT-I CD8 ϩ T cells were transferred into recipient C57BL/6 mice 24 h prior to flank infection, and the DRGs were analyzed for T-cell infiltration on days 4 to 7. As shown in Fig. 2A , OVAspecific CD8 ϩ T cells were not detected in the DRGs of these animals while gB-specific T cells were, showing that without prior activation, T cells of irrelevant specificity failed to infiltrate infected tissues.
At face value, the preceding results argued that the OT-I T cells were unable to infiltrate infected ganglia. However, these cells are not primed during the infection, so a better assessment of their infiltrating capabilities involves the use of already activated OT-I cells. To this end, CD8
ϩ T cells from OT-I mice and control gBT-I animals were stimulated in vitro for 4 days and then transferred into separate groups of C57BL/6 mice on day 4 after flank scarification infection. This timing mimics the normal release of virus-specific CD8 ϩ T cells from draining lymph nodes following HSV-1 infection (13) . The infiltration of these transferred cells into the DRGs was analyzed on day 6 postinfection, as was their presence on day 20, by which time all viral replication has subsided in these mice (58) . Figure 2B shows that similar numbers of activated gB-and OVA-specific CD8 ϩ T cells infiltrated the ganglia during the acute infection. An average of 2,700 and 3,700 activated gBT-I and OT-I cells, respectively, were found to infiltrate infected ganglia at the acute day 6 time point compared to no infiltrating T cells in the mock-infected controls. T-cell infiltration was seen at day 20 postinfection, which is beyond the time required to clear infectious virus (58) . The nonspecific OT-I infiltrate was reduced compared to the specific gBT (averages of 1,900 cells and 4,600 cells, respectively), although even this level of nonspecific infiltration was significantly greater than that seen in noninfected control mice, where again no infiltrating T cells were detected. Overall, the results in Fig. 1 and 2 suggested that T-cell infiltration into the DRGs, at least during the lytic phase of infection, does not appear to be dependent on antigen specificity but rather requires that the cells had undergone previous activation. Moreover, the results also suggested that specificity for virus is not required for the persistence of T-cell infiltration into the latent phase of infection, although virus recognition may result in elevated T-cell numbers at this time.
The infiltration of activated CD8 ؉ T cells in sensory ganglia during latent infection. The infiltration of specific T cells and those of irrelevant specificities (bystander T cells) during latency could simply reflect carryover from the lytic phase of infection. We therefore sought to investigate whether these same cells could infiltrate the sensory ganglia during latency when no replicating virus was present. We infected a cohort of C57BL/6 mice and transferred in vitro-activated gBT-I or OT-I CD8 ϩ T cells into separate groups of these mice on day 18 postinfection, when lytic virus had been cleared. We then analyzed the DRGs on day 20 postinfection (Fig. 3) . Both activated gBT-I and OT-I cells infiltrated the ganglia of most latently infected mice. Slightly higher numbers of activated gBT-I T cells were detected, although the numbers for both populations were clearly lower than those seen during the lytic infection (Fig. 2B) . No transgenic cells were seen in the ganglia of mock-infected mice, indicating a requirement for infection.
To demonstrate a requirement for activation, we additionally investigated whether gB-specific cells transferred in a naïve state would infiltrate the ganglia during latency, as shown during the acute infection (Fig. 1) . Naïve gBT-I CD8 ϩ T cells were transferred into C57BL/6 mice that had been infected on the flank with HSV-1 18 days earlier, and then DRGs were analyzed on day 23, 5 days after transfer (Fig. 3) . In this case, no cells were detected in the sensory ganglion, suggesting that with the clearance of the lytic infection, naïve gBT-I T cells themselves could not enter the ganglia, nor could they be activated in vivo and then enter as activated cells.
The activation status of CD8 ؉ T cells within the sensory ganglia during lytic and latent infection. Previous reports have demonstrated that HSV-specific CD8 ϩ T cells retained in the ganglia during latency exhibit an activated phenotype (29, 54) . Since these earlier reports did not demonstrate that expression of activation markers was exclusive to virus-specific T cells within the DRGs, we sought to determine whether nonspecific infiltrates could also express acute activation markers.
Initially, we analyzed the expression of CD69, a marker used to support the idea that T cells retained within latently infected sensory ganglia are undergoing antigenic stimulation (29) . In vitro-activated gBT-I and OT-I CD8 ϩ T cells were transferred into C57BL/6 mice on day 4 following infection. The DRGs were removed on days 6 and 20 postinfection, and the infiltrating T cells were analyzed for their expression of CD69 (Fig. 4) . At the lytic time point, day 6 postinfection (Fig. 4B) , both the gB-and OVA-specific CD8 ϩ T cells found within the sensory ganglia expressed high levels of CD69. It should be noted, however, that the T cells did not express CD69 at the time of transfer (Fig. 4A) , therefore, this upregulation occurred in vivo. At the latent time point, day 20 postinfection (Fig. 4C) , all the gBT-I CD8 ϩ T cells and approximately 50% of the OT-I CD8 ϩ T cells still expressed high levels of CD69. Wherry et al. (60) have shown that granzyme B levels rapidly decline during contraction into memory populations, and these levels are rapidly upregulated on encountering the target antigen (61) . Given this, we analyzed the levels of preformed granzyme B in each cell population at the same time points. As controls, in vitro-activated and naïve gBT-I cells were shown to express high versus low levels of granzyme B, respectively (Fig. 5A) , and subsequent analysis is expressed as the mean fluorescence intensity of granzyme B profiles. Similar to CD69 expression, both the gBT-I and OT-I CD8 ϩ T cells within the DRGs had high levels of preformed granzyme B at the lytic time point, day 6 postinfection (Fig. 5B) , although it should be noted that both populations were granzyme positive at transfer (an example is given in Fig. 5A for the gBT-I cells). Of the T cells retained in the DRGs at the latent time point, only the gB-specific T cells had high levels of preformed granzyme B (Fig. 5C ). These results indicate that while both specific and nonspecific cells are retained within latently infected ganglia, the HSV-specific CD8 ϩ T cells are preferentially maintained in an activated state as measured by granzyme B expression.
The role of the parenchyma in the persistence of CD8 ؉ T cells within the peripheral nervous system during HSV-1 latency. The finding that HSV-specific CD8 ϩ T cells were preferentially maintained in an activated state within latently infected sensory ganglia suggested that some form of antigen presentation must exist within those tissues harboring latent infection. Given this possibility, we wanted to verify the existence of such presentation and determine whether it involved the parenchymal cells within the ganglia or bone marrow-derived antigen-presenting cells (APCs), such as dendritic cells. To investigate this, we utilized three different groups of chimeric mice: B6.Ly5.1 (donor) into C57BL/6 (recipient), termed B6.Ly5.13B6; B6.Ly5.1 into B6-H-2 bm3 , termed B6.Ly5.13bm3; and B6-H-2 bm3 into B6.Ly5.1, termed bm33B6.Ly5.1. The congenic difference at the Ly5.1 genetic locus between host and recipient cells allowed us to ensure that host mice had been fully reconstituted with the donor bone marrow. The B6.Ly5.13B6 chimeras provided a situation where both the bone marrow-derived APCs
FIG. 2. Infiltration and persistence of OT-I CD8
ϩ T cells in the DRGs following flank scarification infection. (A) A cohort of C57BL/6 mice received 5 ϫ 10 4 resting OT-I CD8 ϩ T cells 24 h prior to flank scarification infection. Groups of four mice were then sacrificed on days 4 to 7 p.i., and the DRGs innervating the site of cutaneous infection were analyzed via flow cytometry for the presence of OVAspecific CD8 ϩ T cells. Cells were stained with anti-CD8 and K b -OVA tetramer to identify the double-positive OT-I CD8 ϩ T cells. A positive control group of four mice that had received resting gBT-I CD8 ϩ T cells prior to flank infection were also analyzed on day 7 postinfection; these samples were stained with anti-CD8 and K b -gB tetramer. (B) C57BL/6 mice were infected on the flank with HSV-1 and then received either 10 7 in vitro-activated gBT-I ϫ B6.Ly5.1 or 10 7 in vitroactivated OT-I ϫ B6.Ly5.1 CD8 ϩ T cells on day 4 postinfection. Mice in each group were sacrificed on day 6 and day 20 p.i., lytic and latent time points, respectively. The DRGs innervating the site of cutaneous inoculation were removed from the mice at each time point and treated with collagenase, and the released cells were stained with anti-CD8 and anti-Ly5.1 and analyzed via flow cytometry for the presence of transgenic CD8 ϩ T cells. The number of gB-specific (closed circles, n ϭ 14 and 8 for infected and mock-infected mice, respectively) or OVA-specific (open circles, n ϭ 17 and 8 for infected and mockinfected mice) CD8 ϩ T cells in the DRGs on day 6 (i) and day 20 (n ϭ 12 and 11 for gB and OVA specific T cells, respectively, into infected mice, and n ϭ 4 for both sets of mock-infected mice) (ii) is shown for each mouse, with averages indicated (Ϫ). Mock-infected animals received in vitro-activated gB-specific or OVA-specific CD8 ϩ T cells on day 4 p.i.
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on August 29, 2017 by guest http://jvi.asm.org/ and the host parenchyma were capable of presenting the gB epitope to gBT-I CD8 ϩ T cells. The B6.Ly5.13bm3 chimeras had APCs that could present the gB epitope to gBT-I CD8 ϩ T cells but had parenchymal cells, including infected neuronal cells, that could not, due to a mutation in the H-2K bm3 MHC class I molecule (43) . Finally, in the bm33B6.Ly5.1 chimeras the host parenchymal cells could present the gB epitope while the APCs could not, providing a situation whereby the HSV-1 infection would fail to activate the gB-specific T cells in the periphery, thus preventing their initial infiltration into the ganglia.
Prior to infection, the chimeras were seeded with naïve gBT-I CD8 ϩ T cells expressing both Ly5.1 and Ly5.2, allowing their distinction from C57BL/6, B6.Ly5.1, and bm3 cells present in the chimeras. Blood from these animals was analyzed on day 9 postinfection to determine whether the transferred T cells were responding to the infection. As shown in Fig. 6 , the transgenic gB-specific T cells were detected in the blood of the B6.Ly5.13B6 and B6.Ly5.13bm3 chimeric mice on day 9 postinfection and were found to contain high levels of preformed granzyme B compared to naïve gBT-I cells. The transgenic cells could not be detected in the blood of the bm33B6.Ly5.1 chimeras, suggesting that, as expected, the gB-specific T cells were not responding to the HSV-1 infection in the absence of professional APCs bearing the responder K b restriction element. The infected chimeras were then left until 30 to 35 days postinfection, allowing the lytic infection to clear and latency to be established. At this point the DRGs were analyzed to determine transgenic T-cell numbers and their activation status, based on preformed granzyme B levels. As shown in Fig. 7A , similar numbers of transgenic T cells were seen in the ganglia of the B6.Ly5.13B6 and B6.Ly5.13bm3 chimeric mice, suggesting that presentation by the neuronal parenchyma was not required for T-cell infiltration during latency, consistent with our earlier results showing OT-I T-cell retention (Fig. 2B) . As expected, no gB-specific T cells were seen in the ganglia of the bm33B6.Ly5.1 mice, since the cells were not activated in this particular bone marrow replacement chimera. Interestingly, analysis of the activation status of the gB-specific T cells in the DRGs of the two infiltrated chimeras found that only the cells in B6.Ly5.13B6 mice maintained high levels of preformed granzyme B (Fig. 7B) , with T cells in the ganglia of B6.Ly5.13bm3 mice losing granzyme B expression seen during acute infection (Fig. 6) . These results suggested that maintenance of an activated phenotype by the specific T cells retained within latently infected ganglia was dependent on antigen expression by parenchymal cells within the ganglia.
DISCUSSION
Skin infection with herpes simplex virus involves the activation of CD8
ϩ T cells within draining lymph nodes followed by their migration to sites of infection, including the sensory ganglia, where they act to clear infectious virus (8, 13, 20, 33, 41, 49, 58) . Here we show that these infiltrating T cells persist beyond the cessation of lytic infection, well into latency, consistent with other studies (29, 54) . It has been suggested that some level of viral antigen expression occurs within ganglia harboring latent infection. This hypothesis was based on a number of findings. First, HSV-specific CD8 ϩ T cells are retained within latently infected ganglia and exhibit an activated phenotype, namely CD69 expression (29) and cytokine production (10, 23). Second, viral replication and reactivation are not required to maintain the activated phenotype (12) . Third, the retained T cells localize to the neurons within the ganglion (10, 29) , previously shown to be the reservoir for latent virus within nervous tissue (40, 46) . Our results demonstrate that the presence of at least partly activated T cells within ganglia is not sufficient to assume that viral antigen expression is occurring. Put simply, T cells bearing irrelevant specificities, otherwise known as bystander T cells, will infiltrate acutely infected ganglia and then be retained during latency, where they continue to express CD69.
With regard to the infiltration of T cells into the peripheral nervous system, our results suggest that the activation status of the cells is more important than their specificity, implying that the inflammation associated with HSV infection is a key stimulus for T-cell entry. This hypothesis is supported by a number of studies with other viruses that have provided evidence for infiltration of activated bystander T cells (7, 11, 26, 28, 55) , confirming that it is indeed usual for such T cells to infiltrate sites of localized infection. Our results extend this notion of nonspecific infiltration beyond the lytic phase of HSV infection, suggesting that the entry stimuli exist in the absence of overt virus replication. At this time we are unable to determine whether ganglionic T cells are newly recruited from the circulation or self renewing within that latent ganglia. The ability of activated T cells to traffic into ganglia after lytic infection has subsided, seen in Fig. 3 , argues that some level of replacement is possible even late in infection.
The observed bystander T-cell infiltration caused us initial concern, since it suggested that the mere presence of T cells during the period of latency did not automatically translate to ongoing T-cell stimulation and corresponding antigen expression. As a consequence, we thought it important to clearly establish that while both specific and nonspecific T cells persist in ganglia harboring latent HSV infections, only virus-specific T cells showed unequivocal evidence for continuing antigen- ϩ T cells that were isolated from the DRGs at each time point were analyzed for their levels of preformed granzyme B. The results are presented as the geometric mean of fluorescence intensity (MFI); averages are indicated (Ϫ). The difference in scale between the two time points is due to a different batch of anti-human granzyme B antibody being used.
FIG. 6. In vivo activation of gBT-I CD8
ϩ T cells following flank scarification infection. B6.Ly5.13B6, B6.Ly5.13bm3, and bm33 B6.Ly5.1 bone marrow chimeras were seeded with 5 ϫ 10 4 resting gBT-I ϫ B6.Ly5.1 CD8 ϩ T cells 24 h prior to flank scarification infection. On day 9 p.i., blood was collected from these mice and the gB-specific CD8 ϩ T cells in the blood were analyzed for their level of activation, as determined by their level of preformed granzyme B. Blood from naïve gBT-I ϫ B6.Ly5.1 mice was also analyzed as a negative control. The results are presented as the geometric mean of fluorescence intensity (MFI), with averages indicated (Ϫ). specific stimulation. Our results demonstrate this using granzyme B, since only the virus-specific T cells retained within latently infected ganglia expressed this activation marker. While CD69 is rapidly upregulated on TCR engagement (62), its expression on bystander OT-I T cells suggests caution should be exercised when attributing this solely to antigenspecific activation events. Other investigators have reported CD69 expression in persisting T-cell infiltrates, especially following infections of the central nervous system (25, 36, 37, 57) . This was largely assumed to result from antigen expression below levels detectable using biochemical means. However, interferon-␣/␤ can partially activate T cells in an antigen-independent manner resulting in CD69 expression (53) , which could explain its presence on bystander cells during HSV latency. Also of interest in the context of HSV, other researchers have proposed that the pathology associated with herpetic stromal keratitis can be induced by infiltrating bystander transgenic T cells (4, 17) , presumably as a result of some form of nonspecific activation within the eye that may be analogous to what is seen here in the infected ganglia.
The bone barrow chimeras reinforce that antigen-specific T-cell stimulation is maintained during the period of latent infection. Moreover, this effect appeared dependent on antigen presentation by the neuronal parenchyma, which includes the latently infected neurons. Thus, our results support the original hypothesis that antigen expression does persist into latency (10) . The chimeras exclude the involvement of local bone marrow-derived antigen-presenting cells, most notably dendritic cells, in this prolonged activation. This exclusion is especially important, since Delamarre et al. (16) recently showed that dendritic cells appear to retain antigen for prolonged periods and thus could have provided ongoing local presentation carried over from the lytic phase of infection.
In total, our results argue that latency is far from silent as far as the adaptive immune response is concerned, although it is clearly different to the lytic phase of infection. The ability to prime new T-cell responses does not appear to extend beyond the third week of infection, since resting T cells, but not their activated counterparts, failed to enter ganglia at this time. This is well after the cessation of the early phase of infection with its period of overt virus replication. This lack of stimulation of naïve but not activated T cells within the ganglia fits with the notion that dendritic cells, critical for CD8 ϩ T-cell priming (2, 6, 50) , are no longer involved in T-cell activation, highlighting the immunological difference between the lytic and latent phases of infection.
At face value, the sheer presence of armed, virus-specific T cells apparently capable of destroying infected neurons and clearly reacting to ongoing antigen presentation appears at odds with the persistence of virus-infected cells within the ganglia. This has led to the proposal that neurons harboring latent infection are protected from the full force of cytotoxic T-lymphocyte recognition (31). Simmons and Tscharke (49) originally proposed the notion of nonlethal T-cell interaction with neurons and suggested that, if anything, more neurons died in the absence of CD8 ϩ T cells. Features such as the observed low major histocompatibility complex class I expression on latently infected neurons (44), the proposed anti-apoptotic action of the LAT transcripts (1, 45) , or other protective mechanisms could all contribute to cell survival and thus the persistence of latent virus in the face of a fully armed immune response.
While our findings do not directly address the role of activated T cells during latency, they suggest these cells are poised to rapidly deal with emerging virus during the early stages of HSV reactivation. Regardless of whether the persisting T cells limit reactivation as suggested by Khanna and colleagues (29, 34) , they are unlikely to remain inert during this process since they are capable of shutting down lytic replication within the ganglia (20, 49, 58) . Therefore, in order to permit replication to occur, these cells must be overwhelmed in some fashion by the reemerging virus. The ganglion-resident T cells are likely to be effector-memory cells, which are known to infiltrate periph- (38, 39, 47) . Effector-memory cells reexpand poorly to further stimulation (60) , and this sluggish ability to respond could explain their ineffective control of reactivating virus. Further studies on persisting T cells, focusing on their fate during this stage of HSV infection, will provide us with a better understanding of the mechanisms that lead to virus reactivation from its latent phase of infection.
